Introduction
Development of lead-free and eco-friendly piezoelectric materials is a necessity for the next generation piezoelectric sensor and actuators [1, 2] .The physical properties and performance of these materials are governed by their structural phases at desired temperatures. The correct knowledge of structural phase transitions helps us to develop a suitable material for a particular application and for the enhancement of the device performance. In this regard, sodium niobate based lead-free piezoelectrics are the one of the most promising materials [1] . Sodium niobate is also the most studied material for understanding the structural phase transitions in Perovskite ABO 3 type compounds. It shows several phase transitions from high-temperature non-polar paraelectric cubic (Pm   3m) to low-temperature polar ferroelectric rhombohedral (R3c) phase. Above 913 K it has a paraelectric cubic phase (Pm   3m). On lowering the temperature, it undergoes transition to a series of antiferrodistortive phases in this order: tetragonal (T2) P4/mbm, orthorhombic (T1) Cmcm, orthorhombic (S) Pbnm, orthorhombic (R) Pbnm, orthorhombic (P) Pbcm phases, and a rhombohedral R3c phase. [3, 4] Pressure-induced phase transition from room-temperature antiferroelectric orthorhombic (Pbcm) phase to paraelectric orthorhombic (Pbnm) phase isalso reported in literature. [3] [4] [5] [6] [7] These structural phase transitions involve phonon mode instabilities linked with zone centre and zone boundary phonon modes with respect to the cubic phase. [3, 4, [6] [7] [8] [9] [10] [11] Zonecentre mode instability is associated with off centring of cations with respect to oxygen octahedra resulting information of dipoles and promotes ferroelectricity in the material. However, the zoneboundary instabilities are associated with rotations of the oxygen octahedra.
The off centring of cations and rotations and/or tilting of oxygen octahedra can be tailored by substitution of atoms at the A and B sites of the ABO 3 structure. For example, on doping of Li, K etc [12, 13] at A site, the room temperature antiferroelectric phase of NaNbO 3 get suppressed, and the doping promotes polar distortions, i.e., relatively large B site cationic displacement inside the oxygen octahedra. The incorporation of relatively large A site atom increases the overall volume of the unit cell and reduces the amount of rotations and/or tilting of oxygen octahedra. Moreover, it is also well-known fact that the solid solutions of antiferroelectric and ferroelectric compounds show competing behaviour and induce large spontaneous polarization such as in (1-x) PbZrO 3 -xPbTiO 3 (PZT), K (1-x) Na x NbO 3 (KNN), Li (1-x) 3 ] ceramics have been investigated by various workers [6, [14] [15] [16] . They have shown that on increasing the doping of BaTiO 3 in NaNbO 3 , there is a significant increment in the dielectric and piezoelectric response of material. Recently, using a combination of dielectric and powder x-ray and neutron diffraction studies [6, 17] , we have shown that on increment of BaTiO 3 concentration in NaNbO 3 matrix, the parent antiferroelectric orthorhombic phase with space group Pbcm (AFE) is destabilized and it transforms to the ferroelectric orthorhombic phase with space group Pmc2 1 (FE1) at x>0.02. On further increase in the doping at x~0.10, the sample transforms to another orthorhombic phase with space group Amm2 (FE2) [6, 17] . We have also observed the increment in the dielectric constant with composition.
For a proper understanding of the properties of the materials, the structural information as obtained from diffraction techniques should be supplemented and supported by other techniques.
The structural phase transitions in these compounds are governed by softening of various phonon modes, which can be probed via various experimental methods including Raman spectroscopy, infrared spectroscopy and inelastic neutron scattering. Raman spectroscopy is sensitive to local structure changes and is a suitable tool to investigate the phase transitions in these materials. [16, [18] [19] [20] [21] [22] [23] [24] [25] With this aim in mind, we performed Raman spectroscopy measurements to provide a deep insight of the structural phase transitions and the role of phonons on changing the composition.
Experimental:
Polycrystalline ( . The spot size of the beam is of 3-4 µm. The ultra-low frequency cut-off filter is used to record the spectra from 10 cm -1
. Usually Raman line shapes of weakly anharmonic phonons are fitted with Lorentzian functions. However, soft modes may be highly anharmonic, which may be fitted with a damped harmonic oscillator model. We have fitted the Raman modes with damped harmonic oscillator (DHO) model [26] . The central peak is fitted with a Lorentz function. The combined function used for the entire Raman spectra with the central peak is
given below with constant baseline. 
Results:
A. Group theoretical analysis for Raman active modes:
Recently, we have studied dielectric and structural properties of NNBTx using a combination of impedance spectroscopy and x-ray diffraction techniques [6] . Based on the appearance and/or disappearance of the superlattice reflections in the x-ray diffraction data, we observed that on increasing concentration of BaTiO 3 in NaNbO 3 matrix, there are drastic changes in the intensities of main perovskite peaks and superlattice reflections on increasing the dopant concentration (see Fig. S1 (Supporting Information). The X-ray diffraction patterns for upto x<0.02 could be indexed using the AFE (Pbcm) phase. On increasing the concentration x≥ 0.02,we found that the superlattice reflection around 36.2˚ could not be indexed using the same AFE phase model and crystal structure transforms from antiferroelectric orthorhombic AFE(Pbcm) phase to ferroelectric orthorhombic FE1 (Pmc2 1 )phase. Further, increase in the dopant concentration leads to suppression of another superlattice reflection S2 at 2θ~ 38.5˚ and diffraction pattern could be indexed [6] using ferroelectric orthorhombic FE2 (Amm2) phase for x≥0. 10 Details of the normal mode analysis performed using free access site Bilbao Crystallographic Server [27] for these three phases are given below:
1) Orthorhombic AFE (for composition 0≤ ≤ ≤ ≤x<0.03):At ambient condition, pure NaNbO 3 has AFE orthorhombic (Pbcm) symmetry with unit cell dimensions √2a P × × × ×√2a P × × × ×4a P (with respect to cubic perovskite with lattice parameter a P ). It has eight numbers of formula units (total 40 atoms) and total 120 possible normal modes. The asymmetric unit contain two types of sodium atoms (Na), one type of niobium atom (Nb) and four types of oxygen atoms. Table   S1 (Supporting Information) contains the details of the group theoretical analysis for the AFE orthorhombic phase. IR active due to non-centro symmetry of the crystal structure except A 2 mode. Table S2 (Supporting Information) contains the details of the group theoretical analysis for the FE1 orthorhombic phase. Table S3(Supporting Information) contains the details of the group theoretical analysis for the FE2 orthorhombic phase.
Raman Spectroscopy:
NaNbO 3 belongs to the ABO 3 type perovskite family and at highest temperature it has paraelectric cubic phase. This cubic phase unit cell contains six oxygen atoms, which reside at the This cubic (Pm   3m) phase is characterized by second order Raman scattering. At lower temperatures, the structure gets slightly distorted and the effect of these distortions changes the symmetry and number of formula units in unit cell in daughter phase. As a result, appearance or disappearance of Raman modes in the Raman spectra are observed and can be treated asa signature for structural phase transitions. We observed clear appearance and disappearance of first-order Raman modes in the Raman spectra of NNBTx as a function of composition and details are discussed below. Figure 1 shows the evolution of Raman spectra collected at ambient conditions as a function of composition in the range 10to 1000 cm -1 . Raman spectrum of NaNbO 3 is similar as reported by various authors [18] [19] [20] [28] [29] [30] [31] . The spectra could be decomposed into two main regions involve vibrations of the Na the literature for the NbO 6 octahedron in the perovskite lattice structures [32] , the vibrations of isolated equilateral octahedron consists of A 1g (υ 1 )+E g (υ 2 )+2F 1u (υ 3 , υ 4 )+F 2g (υ 5 )+F 2u (υ 6 ) normal modes. The υ 1 ,υ 2 , and υ 3 modes belong to the stretching motion and υ 4 ,υ 5 , and υ 6 arethe bending modes of a perfect octahedron [19, 29] . Out of these six modes only υ 1 ,υ 2 , and υ 5 are Raman active and Raman active mode). However, for the composition x≥0.5, the spectrum becomes diffusive as a result of doping and may be associated with increase of disorder in the crystal.
As said earlier, NNBTx undergoes structural phase transitions around x>0.02 and 0.10.
Therefore, we have taken x=0.0, 0.03 and 0.10 as a representative of these three phases namely:
AFE, FE1 and FE2 phases, respectively. To quantify the Raman mode intensities and peak positions, we have fitted the whole Raman spectra using damped harmonic oscillator (DHO) model. Total22peaks were used to get good fitting of the observed data. However, we estimated total 60
Raman active modes using group theoretical calculations. The fitted Raman bands showed good agreement with the previous reports on pure bulk sodium niobate. Figure 2 Normal mode analysis suggests57 Raman active modes for the FE1 (Pmc2 1 ) phase, but 17peaks gave a good fitting of the Raman spectra observed for NNBT03. The Raman spectrum looks similar as reported by Sheratori et. al. [29] For FE2 (Amm2) phase, factor group analysis suggested a total of 27 Raman active modes,but only 12peaks were sufficient for fitting of the observed broad Raman spectra of NNBT10. The number of calculated and fitted Raman modes may be different due to less resolved and broad features of the observed spectra. Similar broadening in the Raman spectra was also observed in PMN-PT solid solution and explained in terms of coexistence of polar nanoregions and chemically ordered clusters [25] . They show that presences of the polar nanoregions (PNR) are due to the ions at the B site: Nb, Mg and Ti being displaced from their high symmetry positions, give rise to local electric dipoles. The presence of chemically ordered clusters additionally complicates understanding of the Raman spectra. As the Raman cross section depends mainly on the bond polarizability, i.e., the number of electron involved in the bond, it is highly possible that the Raman spectra will not reflect the signature of all regions. In the case of PMN-PT, the following sequences of the Raman mode intensities are expected: Nb-O > Ti-O >> Mg-O. As a consequence, the contribution of Mg-rich regions is too weak to be observed, as far as the bending and stretching modes are considered. Consequently, the unambiguous Raman mode assignment is rather delicate.
Positions of the peaks for NNBTx (x=0.0, 0.03 and 0.10) are compared with the previously reported values for bulk sodium niobate given in Table 1 . The Raman profiles of the samples with x = 0.02, 0.07 and 0.09 indicate some minor features which suggest mix phases that are consistent with the x-ray diffraction results discussed below. We have analysed all the spectra and the variation of the peak positions as obtained through the fittings are shown in figure 2.
Discussion:
In pure NaNbO 3 , the two main peaks due to translation of Na (figure 1). These modes disappear at x~0.03, and all the librational modes get broadened at a higher concentration of dopant for x>0.05.In previous phonon dynamics study on NaNbO 3, Mishra et. al. [9] proposed that the Raman modes at around 93 cm -1 and 123 cm -1 belong to A 1g modes and they appear due to folding of the corresponding specific zone centre points 9 . They identified that the mode at93cm matrix. The bending mode υ 6 arises due to the distortion of the perfect oxygen octahedra. In the case of perfect octahedra, we do not get the intensity of the υ 6 mode [19] . The presence of this band near 185 cm x>0.02 and 0.10 with change in slope. All these modes are broad because of the disorder in the system at both A and B sites for higher concentrations.
To relate the results of Raman spectroscopic measurements with the x-ray diffraction study, we have obtained the structural parameters using Rietveld refinement of the x-ray diffraction data of these compositions as shown in Figure 4 . We have plotted the cell parameters of these phases in terms of the cell parameters of the equivalent elementary perovskite (i.e., pseudo-cubic unit cell).We notice some phase coexistence for x= 0.02 and in the range 0.07≤x≤0.10, whichmay be due to first order nature of the phase transitions. In Figure4, we have plotted the structural parameters corresponding to the majority phases only.The variation of pseudo-cubic unit cell parameters clearly shows the monotonic increase in the lattice parameters and volume and jumps at phase transition boundaries (Figure 4(a) ). Figure 4(b) shows the variation of volume of oxygen octahedra in the AFE (Pbcm) and FE1 (Pmc2 1 ) phase. There is only one type of Nb atom and hence only one type of octahedra. However, in case of FE2 (Amm2), there are two types of Nb atoms. So, we get two types of octahedra present in the structure and all the octahedra dipoles are aligned in the same direction (i.e. Nb displacement is in the same direction). The volume of octahedra shows small change around x~0.02 when structure transforms from AFE to FE1 phase and there is a bifurcation with abrupt change at around x~0.10, which corresponds to FE2 phase.
The axial Nb-O bond lengths of oxygen octahedra first increases slowly up to x~0.07 and then there is a huge jump and bifurcation due to the presence of two types of Nb atoms present in orthorhombic FE2 (Amm2) symmetry (Fig. 4 (c) ). This increase in bond lengths is consistent with ) observed in the present study for NNBTx with the reported data of the NaNbO 3 in previous studies.The assignment of the modes has been made following the literature for vibrations of isolated equilateral NbO 6 octahedra in the perovskite lattice structures [18, 32] . 
